Pseudomonas putida is a saprophytic bacterium with robust carbon metabolisms and 32 strong solvent tolerance making it an attractive host for metabolic engineering and 33 bioremediation. Due to its diverse carbon metabolisms, its genome encodes an array of proteins 34 and enzymes that can be readily applied to produce valuable products. In this work we sought to 35 identify design principles and bottlenecks in the production of type III polyketide synthase 36 (T3PKS)-derived compounds in P. putida. T3PKS products are widely used as nutraceuticals and 37 medicines and often require aromatic starter units, such as coumaroyl-CoA, which is also an 38 intermediate in the native coumarate catabolic pathway of P. putida. Using a randomly barcoded 39 transposon mutant (RB-TnSeq) library, we assayed gene functions for a large portion of aromatic 40 catabolism, confirmed known pathways, and proposed new annotations for two aromatic 41 transporters. The tetrahydroxynapthalene synthase of Streptomyces coelicolor (RppA), a 42 microbial T3PKS, was then used to rapidly assay growth conditions for increased T3PKS 43 product accumulation. The feruloyl/coumaroyl CoA synthetase (Fcs) of P. putida was used to 44 supply coumaroyl-CoA for the curcuminoid synthase (CUS) of Oryza sativa, a plant T3PKS. We 45 identified that accumulation of coumaroyl-CoA in this pathway results in extended growth lag 46 times in P. putida. Deletion of the second step in coumarate catabolism, the enoyl-CoA 47 hydratase lyase (Ech), resulted in 'drop-in' production of the type III polyketide 48 bisdemethoxycurcumin. 49 1 INTRODUCTION 50 Secondary metabolites of fungi, plants, and bacteria have been used as medicines and 51 supplements for millennia [1]. Compounds such as naringenin, raspberry ketone, resveratrol, and 52 curcumin are widely used as nutraceuticals and are biosynthesized through similar pathways 53 3 [2,3]. Commercially, these chemicals are either extracted directly from plants or produced 54 synthetically, as in the case of raspberry ketone [4]. Renewable microbial production of these 55 compounds will decrease reliance on agriculture and fossil fuel-derived chemical synthesis. The 56 biosynthesis of these compounds (naringenin, raspberry ketone, resveratrol, and curcumin) relies 57 on a class of enzymes called type III polyketide synthases (T3PKSs). T3PKSs carry out iterative 58 Claisen condensation reactions typically with coenzyme A (CoA)-based starter and extender 59 units, both of which vary widely among these enzymes [5]. In the case of the 60 tetrahydroxynapthalene synthase of Streptomyces coelicolor (RppA) the starter and extender 61 units are simply malonyl-CoA, while in many plant T3PKSs the starter unit is a 62 phenylpropenoyl-CoA thioester, usually derived from ferulate, coumarate, or cinnamate [6,7].
6 measured by absorbance at 340 nm, as previously reported [14] . Unexpectedly, the rppA 114 expression vectors using the native S. coelicolor codons produced more flaviolin than the P. 115 putida codon optimized variant (Figure 2b) . In all three constructs tested, there was an increase 116 in the accumulation of flaviolin in cultures containing greater than 25 mM glucose (Figure 2b) . 117 Given this result, production experiments for bisdemethoxycurcumin were conducted in media 118 supplemented with 100 mM glucose. corresponding to the carbon source (gray: benzoate, red: coumarate, blue: 4-hydroxybenzoate, 126 light green: ferulate, dark green: vanillate, purple: vanillin, yellow: protocatechuate, pink: 127 phenylacetate). For reactions where multiple genes are necessary, i.e. enzyme complexes, the 128 fitness values for each gene involved in the reaction were averaged. *The t-score for pcaC was 129 insignificant (|t score | < 4.0) and was excluded from our analysis. **Fitness values for these genes 130 were mild (fitness > -2.0) and excluded. ***Fitness value corresponds to paaJ. 131 132 2.2 Functional genomics to validate aromatic catabolisms of P. putida 133 While aromatic catabolism has been extensively studied in P. putida, genes implicated in 134 these pathways are still being discovered [15] . The genes involved in the first steps of coumarate 135 catabolism reside in an operon with a putative acyl-CoA dehydrogenase (PP_3354) and a 136 putative beta-ketothiolase (PP_3355), which have been proposed to be involved in an alternative 137 catabolic pathway [16] . As functional redundancy in coumarate catabolism could result in loss of 138 the type III polyketide precursor, coumaroyl-CoA, we sought to identify any pathways that could 139 potentially impact product titers. To assay for genes involved in coumarate and related 140 metabolisms, we grew a randomly barcoded transposon mutant (RB-TnSeq) library of P. putida 141 KT2440 in minimal medium with a variety of different aromatic compounds often found in LH 142 (p-coumarate, ferulate, benzoate, p-hydroxybenzoate, protocatechuate, vanillin, vanillate, 143 phenylacetate) and glucose as sole carbon sources. The fitness of each gene was calculated by 144 comparing the abundance of barcodes before versus after growth selection, using barcode 145 sequencing (BarSeq) [17, 18] . Negative values indicate that the gene was important for growth in 146 that condition.
147
The results of the RB-TnSeq assay indicate that the primary route for ferulate and 148 coumarate catabolism is through the feruloyl/coumaroyl-CoA synthetase (Fcs) and the enoyl- CoA hydratase lyase (Ech) (Figure 3 and Figure S1 ). The genes in the proposed secondary 150 pathway of coumarate and ferulate catabolism, PP_3354 and PP_3355, had no significant fitness 151 9 phenotype, indicating that these genes are not necessary for coumarate or ferulate catabolism 152 [19] .
153
Of all the known reactions depicted in the map of aromatic catabolism (Figure 3 ), we 154 observed significant negative fitness values for all but three of their corresponding genes: catA-1, 155 catA-2, and pcaC. In the case of catA-1 and catA-2 we believe the cause for no fitness phenotype 156 is the functional redundancy of these two genes, i.e. a cell carrying a transposon insertion in one 157 will still have the other gene present. In the case of pcaC, we noticed that there was a strong 158 phenotype (-log 2 < -2.0), but the significance fell below our cutoff in all conditions tested (|t score | 159 < 4.0). This is likely due to the low frequency of transposon insertions into this gene in the 160 library (n=4). While our results heavily support the current models of aromatic metabolism in P. 161 putida, our data also indicated that some gene annotations should be revised. PP_3272 is 162 currently annotated as encoding an acetate permease but given this data and its homology to 163 other systems [20] , it should be reannotated as the phenylacetate transporter (phaJ). The
164
PP_1376 gene is annotated as encoding a 4-hydroxybenzoate transporter; however, we only 165 observed a fitness detriment for this gene with protocatechuate as the sole carbon source.
166
Because of this, PP_1376 should be reannotated as a protocatechuate transporter. Figure 4A ). Increasing the inducer 176 concentration resulted in increased lag times only when coumarate was present in the medium 177 ( Figure 4B ). This suggested that the coumaroyl-CoA intermediate is toxic to P. putida. We Pseudomonas putida is among the most well studied saprophytic bacteria. Its diverse 212 metabolisms enable it to catabolize a wide variety of complex carbon sources, including 213 lignocellulosic hydrolysate [25] . The robust catabolic pathways of P. putida, while useful for 214 producing valuable molecules from diverse carbon sources, can also serve as an obstacle to 215 achieving high product titers as it can often metabolize the desired products [26] . Given recent 216 advances in gene editing techniques [27] [28] [29] [30] [31] and our ability to rapidly assay for gene function 217 with transposon site sequencing [17, 18, 32] , engineering non-model hosts like P. putida for 218 industrial applications has become less challenging.
219
Using RB-TnSeq mutant fitness assays we were able to rapidly confirm entire pathways 220 of aromatic catabolism (Figure 3 and S1). The genes downstream of fcs, previously described as 221 a possible alternative route for coumarate/ferulate catabolism [16, 20] , showed no significant 222 fitness detriment on any of the carbon sources tested. These genes may be structural remnants of 223 a β-oxidation pathway that eventually evolved into the coumarate/ferulate pathway requiring fcs, 224 ech, and vdh [33] . We then revised the annotations of two genes required for transport of the 225 aromatic compounds, phenylacetate and protocatechuate, an important plant hormone and lignin 226 metabolite respectively [34] . There is a large amount of information in these data about 227 regulatory and structural genetic elements that could be useful to engineers and biologists.
228
Heterologous expression of bacterial T3PKSs, including the tetrahydroxynapthalene 229 synthase of S. coelicolor (RppA), has previously been demonstrated in P. putida KT2440 230 [14, 35, 36] . Using variants of rppA, we were able to rapidly screen for optimal T3 polyketide 231 production conditions. Expressing the codon optimized variant we created in this study, rppA-232 OW, resulted in less flaviolin production than the native codon variants rppA-NW and rppA-NT.
13
It is possible that there are some factors affecting heterologous protein expression that are not 234 sufficiently accounted for in current codon optimization algorithms [37] . However, we 235 demonstrated in all our constructs that increasing the glucose concentration had a considerable 236 effect on the production of flaviolin (Figure 2 ). These T3PKS "sensors" have broad utility in 237 both rapidly assaying culture conditions, as described here, and as high-throughput screens of but the defective growth phenotype may not have been observed due to differences in 249 experimental design [39, 40] . The exact cause for coumaroyl-CoA toxicity is unclear and will be 250 the subject of future investigations, as it is likely to interfere with other biosynthetic pathways 251 requiring this intermediate.
252
To engineer P. putida for bisdemethoxycurcumin production, we deleted the native 253 enoyl-CoA hydratase lyase (ech) responsible for the conversion of coumaroyl-CoA to acetyl-254 CoA and p-hydroxybenzaldehyde. In order to relieve coumaroyl-CoA toxicity, we relied on the 255 native genomic copy of fcs instead of a plasmid-based system. We demonstrated that native 256 14 expression of fcs generates a sufficient coumaroyl-CoA pool for the curcuminoid synthase 257 (CUS). Extraction of the product during growth using an oleyl alcohol overlay also significantly 258 enhanced titers ( Figure S2 and 5 ). In the final P. putida production strain, we achieved 'drop-in' 259 production of bisdemethoxycurcumin at titers of 2.15 mg/L ( Figure 5 ).
260
This work is a significant first step towards the production of plant T3PKS-derived 261 compounds in P. putida, but several issues remain to be addressed. The use of an overlay and the 262 exogenous addition of coumarate are not feasible for an industrial process. Recent in vitro and in 263 vivo experiments suggest that malonyl-CoA is a limiting factor in plant T3PKS pathways 264 [41, 42] . Titers could be improved by modulating this substrate pool. This approach has been 265 successfully used to optimize titers of the T3PKS product naringenin, resulting in titers of 191.9 266 mg/L [35] . Future work could employ a similar strategy in P. putida to achieve higher titer 267 production of plant T3PKS products. As we continue to understand more about its metabolism 268 and engineer it more effectively, P. putida will become a more attractive host for renewable 269 chemical biosynthesis. Growth studies of bacterial strains were conducted using microplate reader kinetic assays.
295
Overnight cultures were inoculated into 10 mL of LB medium from single colonies, and grown 296 at 30 °C. These cultures were then diluted 1:100 into 500 µL of LB medium with appropriate 297 concentrations of arabinose and p-coumarate in 48-well plates (Falcon, 353072 Figure S1 : Heatmap of RB-TnSeq mutant fitness data. Genes shown have fitness defects (-log 2 391 < -2) and with statistical significance (|t score | > 4) in at least one tested condition which show no 392 significant fitness defects when grown on glucose. 
